, S161 and Y168) in the correct subcreated de novo but divide by binary fission mediated protein environment, and although we have no evidence by nuclear-encoded proteins of both prokaryotic and to date, GC1 may have epimerase activity. eukaryotic origin [3] [4] [5] [6] [7]. Although several plastid diviAs an initial characterization of GC1, we analyzed exsion proteins have been identified in plants [8-17], limpression patterns in Arabidopsis. We cloned and seited information exists regarding possible division quenced a full-length GC1 cDNA (1044 base pairs) and control mechanisms. Here, we describe the identificaperformed semiquantitative RT-PCR analysis. These extion of GIANT CHLOROPLAST 1 (GC1), a new nuclearperiments demonstrated that GC1 is primarily exencoded protein essential for correct plastid division pressed in photosynthetic tissues, such as leaves and in Arabidopsis. GC1 is plastid-localized and is anthe stem, with negligible expression in roots ( Figure 1C ), chored to the stromal surface of the chloroplast inner indicating that GC1 mode of action is most probably envelope by a C-terminal amphipathic helix. In Arabirestricted to photosynthetic tissues. dopsis, GC1 deficiency results in mesophyll cells harbouring one to two giant chloroplasts, whilst GC1 overexpression has no effect on division. GC1 can
. The highly conserved 217 amino acid stretch was used to calculate the sequence distance matrix, and the phylogenetic tree was constructed by the neighbor-joining method and bootstrap analyses for 1000 replicates. (C) Semiquantitative RT-PCR analysis of GC1 transcript levels in leaf tissue, stem tissue, and in roots. UBQ10 was used as a control.
(arc) mutants. In arc10 [21] and arc11 [22, 23] , which GC1 Deficiency, but Not Accumulation, Causes Chloroplast Division Defects in Arabidopsis harbor expanded chloroplasts, and in arc6 [17, 24] , To investigate the role of GC1 in chloroplast division, which contains one or two large chloroplasts per mesowe transformed Arabidopsis with a construct harboring phyll cells, GC1 localization was identical to that in wilda CaMV35S-driven 600 bp GC1 cDNA fragment in the type plants (data not shown). This suggested that the antisense orientation. Semiquantitative RT-PCR analyentire Arabidopsis chloroplast envelope is competent sis identified nine independent transgenic T2 seedlings for GC1 recruitment and, moreover, that GC1 mode of with a 50%-70% reduction in endogenous GC1 tranaction is probably envelope associated. script, and four representative lines are shown in Figure Because GC1 contains no obvious transmembrane S1A (Supplemental Data). Mesophyll and hypocotyl cells domains, envelope localization is either mediated by from all nine lines were analyzed with Nomarski differeninteraction with a membrane-associated protein(s) or tial interference contrast (DIC) microscopy [26] , revealby direct interaction with the phospholipid bilayer. To ing that reduced levels (up to 70%) of endogenous GC1 initially examine which domains of GC1 confer envelope transcript have no effect on chloroplast division (Figure localization, we transiently expressed a truncated ver-S1B). We then generated transgenic Arabidopsis plants sion of GC1, lacking 88 amino acids at the C-terminal containing a CaMV35S-driven, full-length GC1 cDNA in region ( Figure Transmission electron microscopy of GC1-deficient mesophyll cells revealed that the giant chloroplasts were folded around the central vacuole ( Figure 4C ) and 3D optical image analysis showed that the central vacuole was in most cases almost entirely enclosed (Movie 1). GC1-deficient giant chloroplasts contained wildtype-like thylakoid networks with normally stacked membranes ( Figure 4D) ; however, the grana stacks were more densely packed ( Figures 4C and 4D ) than in wildtype ( Figures 4A and 4B) . This may reflect a compensatory mechanism due to a decrease in the total chloroplast number or volume per cell. GC1-deficient chloroplasts also contained less starch grains, but the significance of this is unclear.
GC1 Deficiency Results in Decreased Photosynthetic CO 2 Assimilation
Although GC1-deficient plants grow and develop normally, we investigated whether photosynthetic parameters were altered. Photosynthetic gas exchange measurements demonstrated that GC1-deficient leaves M. and S.G.M., unpublished data) , sion-arrested organelles in early expansion stages, it is and we tested whether GC1 forms homodimers or interacts with other plastid division proteins. Full-length GC1fused to the Gal4 activation domain (AD-GC1) and to the Gal4 DNA binding domain (BD-GC1) was coexpressed in HF7c yeast cells. We found that His auxotrophy was restored in AD-GC1/BD-GC1 yeast cells, demonstrating that GC1 can form homodimers ( Figure 5) . We further tested whether GC1 interacts with the Arabidopsis plastid division proteins AtFtsZ1-1, AtFtsZ2-1, AtMinD1, and AtMinE1 [10-13]. We generated BD constructs containing AtFtsZ1-1, AtFtsZ2-1, AtMinD1, and AtMinE1 and transformed these into AD-GC1-containing HF7c yeast cells. Analysis on low-stringency growth media (no 3-AT) detected no restoration of His auxotrophy, indicating that GC1 does not physically interact with AtFtsZ1-1, AtFtsZ2-1, AtMinD1, or AtMinE1 (data not shown). This suggested that GC1 is probably not directly involved in the FtsZ-mediated plastid division pathway in Arabidopsis.
Recently, GC1 was annotated as being a SulA protein (Accession CAD56855) based on sequence similarity. In bacteria, SulA is a potent cell-division inhibitor interacting with FtsZ in a 1:1 ratio in response to DNA damage [29] [30] [31] [32] [33] , and we would therefore expect a bona fide SulA protein in Arabidopsis to interact with either AtFtsZ1-1 or AtFtsZ2-1. However, we find no evidence for any interacting between GC1 and either AtFtsZ1-1 or AtFtsZ2-1. Together with the fact that GC1 overexpression does not result in plastid division arrest, we believe that GC1 does not represent an Arabidopsis SulA protein.
Conclusions
GC1 represents a new nuclear-encoded plastid division component essential for correct plastid division in Arabidopsis. The fact that overexpression of GC1 in transgenic plants has no effect on the division process suggests that GC1 most probably acts as a positive plastid division factor. The envelope localization of GC1, AR-TEMIS [14] and ARC6 [17] suggests that chloroplasts have retained an involvement of the envelope in the division process and, moreover, that GC1 and ARC6 may act together during division. The identification of GC1 has shed light on an unexplored aspect of chloroplast division in higher plants and has undoubtedly added a new level of complexity to this fundamental biological process. 
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